originally published in Tetsu-to-Hagané, Vol. 91, 2005, No. 12, pp. 903-909 ) Stainless steels are corrosion resistant alloys that are widely used in consumer goods and industrial equipment. Stainless steels contain scarce and energy intensive elements such as Ni, Cr, Mo, which means that closed loop recycling is preferable for sustainable stainless steel production. However, some stainless steels are not separated from ordinary steel scraps in the recycling processes and cannot be recycled as "stainless steel". The objective of this study is to analyze the dynamic substance flow of stainless steels in Japan and assess the potential for reducing CO 2 emissions by promoting closed loop recycling of stainless steels in the future. First, the authors analyzed material balance of input elements, i.e. Fe, Ni and Cr, in the production of stainless steels in 2002 to determine which aspects associated with the material flow of stainless steel cannot be elucidated from available statistical data. The amount of post-consumer stainless steel that would enter into society in the future was estimated by employing a Population Balance Model (PBM). It was found that only 2 % of post-consumer stainless steel containing Fe-Cr alloys was collected as stainless steel scraps while the remainder was collected as ordinary steel scrap. Conversely, approximately 95 % of post-consumer stainless steel consisting of Fe-Ni-Cr alloys was collected as stainless steel scrap. A CO 2 emission reduction potential for a 1 % increase in the closed loop recycling of stainless steel scraps of Fe-Cr alloys was estimated at 75 000 t/year by Life Cycle Assessment (LCA).
Introduction
To alleviate the environmental problems such as global warming, and the depletion of energy and resources due to the socioeconomic activities associated with mass production, mass consumption and mass disposal, it is essential that society becomes much more recycling oriented.
Stainless steel, containing 10.5 % or more of chromium (Cr), is an extremely useful material that exhibits high corrosion resistance, heat resistance, and has superior mechanical properties and other useful attributes by changing the amount of various alloying elements. The current annual volume of stainless steel produced in Japan amounts to 3.5 million tons, 1) and this figure is projected to increase in the future. Stainless steel can primarily be divided into two categories: SUS304 or SUS316, which are austenitic stainless steels containing nickel (Ni) to facilitate cold-working; and SUS410 or SUS430, which are ferritic stainless steels containing Cr without the Ni additive. The main alloying elements, Cr, Mn, Ni and Mo, of these stainless steels, are finite resources with a reserve-production ratio of 116 years, 37 years, 56 years, and 50 years, respectively.
2) In addition, considerable energy is required to refine the ferrochromium and ferronickel base materials for the alloying elements. 3) Furthermore, since ferritic stainless steel is magnetic, a percentage of ferritic stainless steel is not separated from ordinary steel scrap in the recycling process, and Ni and Cr alloying elements cannot, therefore, be recycled effectively. For these reasons, promoting the closed-loop recycling of stainless scrap into stainless steel is considered beneficial for reducing the environmental impact associated with stainless steels' productions.
To decrease the environmental impact by promoting recycling, it is necessary to ascertain the overall material flow involved in the recycling process.
Daigo et al. proposed a model for analyzing the dynamic material flow of objective materials for the promotion of steel recycling. 4) To date, there have been few analyses of the material flow for stainless steel.
1) Also, as mentioned above, since a portion of ferritic stainless steel scrap is not separated from ordinary steel in the recycling process, details of material flow, particularly in the disposal and recycling processes, remain unclear. Substance flow analyses of elements constituting a material are usually helpful for ana-lyzing the material flow. 5) There have been some substance flow analyses to ascertain the dispersion of toxic substances such as Pb 6) and Hg 7) and heavy metals. However, the detailed substance flows analyses of the additive elements, Ni and Cr, in stainless steels have so far been conducted to figure out the material flow analysis of stainless steel.
This article is intended to clarify the material flow of stainless steel in Japan, while categorizing stainless steels into austenitic and ferritic types according to differences in application, the additive elements used, and differences in the recovery process. In addition, this report aims to analyze the potential for reducing the environmental impact associated with stainless steel production by promoting the cyclic use of stainless steel.
Analysis Method

Establishing the Dynamic Material Flow
To determine the current status of material recycling and investigate the potential for reducing environmental impact by promoting recycling, it is necessary to establish the flow of objective materials. The literature 1) and statistics [8] [9] [10] [11] published to date facilitate an understanding of the material flow of sum-up stainless steels, irrespective of categorization into types. However, no statistical or documentary data is available for the volume of post-consumer stainless steel generation as it is impossible to provide actual measurements. In this report, the authors intend to estimate the volume of post-consumer stainless steel by applying the PBM (Population Balance Model). 12, 13) In addition, since the material flow of austenitic and ferritic stainless steels cannot be ascertained from statistics or past documents, each material flow was estimated, based on analysis with reference to material balance. The estimation given in this report and its method are shown in Table 1 . The following is a description of the estimation method, assumptions and data.
Material Balance Analysis of Fe, Ni and Cr
As shown in Table 1 , since part of the material flow cannot be obtained from statistics or previous research, the authors focused on the content of the main chemical constituents of stainless steel (Fe, Ni and Cr) and analyzed the material balance in order to estimate material flows. In the analysis, the raw materials used in stainless steel production were classified into 10 types, namely, pig iron, ferronickel, ferrochromium, in-house austenitic and ferritic stainless steel scrap, austenitic and ferritic processing scrap, austenitic and ferritic obsolete scrap, and ordinary steel scrap. Stainless steel products are classified into five types, namely, 13 stainless steel, 18 stainless steel, Ni-Cr stainless steel, Ni-Cr-Mo stainless steel and heat-resisting steel. Products were categorized in this way on account of the different concentrations of Fe, Ni and Cr in each. In material balance analysis, the net supplied volumes of Fe, Ni and Cr were firstly determined from the input amounts and chemical constituents of the 10 types of raw materials at the stainless steel production stage (except ferronickel and ferrochromium). Next, the authors determined the net amounts of Fe, Ni and Cr required from the production volume and chemical constituents of the five product types. Then, the raw material input volumes of ferronickel and ferrochromium were determined from the correspondence of material balance of required volumes and supplied volumes of Fe, Ni and Cr. The data used are shown in Table 2 . Further, the raw material input volume at the production stage was obtained from available literature 1) and statistical data.
11) The Ni and Cr input volumes were estimated from multiple statistical values. The production volume of product was obtained from statistical values.
14) The chemical constituents of products were obtained from available literature 15, 16) and standard values. 17) The chemical constituents of scraps were estimated as mean values. The chemical constituents of a portion of raw material were obtained from interviews. The collected data were production volume and input volume in 2002, and standard values as of 2002. Also, the details regarding data estimated from multiple statistical values and assumptions are described below.
The concentrations of Fe and Cr in ferrochromium were obtained from interviews. The in-house scrap input volume was broken down into austenitic and ferritic types according to the austenitic and ferritic composition ratio of the stainless steel production volume obtained from statistical values. 14) The processing scrap input volume was broken down into austenitic and ferritic types according to the austenitic and ferritic composition ratio of the domestic demand volume. Details of the derivation method of domestic demand volumes by austenitic and ferritic types are described in the following section. The input volume by austenitic and ferritic type of obsolete scrap was derived from the input volume ratio of processing scrap and obsolete scrap (austenitic: 70 : 30, ferritic: 95 : 5) obtained from interviews with scrap merchants. Furthermore, the validity of values obtained from these interviews could be confirmed since the total austenitic and ferritic inputs derived here were approximately equal to those obtained from the literature.
1) The ferritic stainless steel scrap composition was taken as the weighted mean of the 2002 production volume composed of 13Cr stainless steel and 18Cr stainless steel. The austenitic scrap composition was taken as the weighted mean of the 2002 production volume composed of Ni-Cr stainless steel and Ni-Cr-Mo stainless steel. The concentration of Ni and Cr in each type of stainless steel is described later. From the existing literature, 18, 19) post-consumer rolled steel for general structures (general-purpose ordinary steel) contains 2.5 % of non-ferrous portion. The authors therefore determined the iron content in ordinary steel scrap was 97.5 %. All imported and exported scraps were considered to be an austenitic type, based on actual circulation. The concentrations of Ni and Cr in stainless steel were determined from the chemical constituents of the JIS G 4304 hot-rolled stainless steel sheets, plates, and strips.
17) The concentration of Cr in stainless steel was taken as the mean value from the standard value range. The Cr concentration was taken as 12.5 % for 13Cr stainless steel, 17 % for 18Cr stainless steel, 19 % for Ni-Cr stainless steel and 17 % for Ni-Cr-Mo stainless steel. On the other hand, because Ni was expensive, the concentration of Ni in stainless steel was taken as the lower limit of the standard value range. The percentage content of Ni was taken as 8 % for Ni-Cr stainless steel, and 10 % for Ni-Cr-Mo stainless steel. Also, apart from the Cr and Ni constituents, the entire remainder of stainless steel was taken as Fe. From interviews, it was ascertained that ferritic stainless steel accounted for a major share of heat-resisting steel. Since heatresisting steel accounts for only a small percentage of the total steel production, it was assumed to be composed entirely of ferritic stainless steel. The concentration of Cr in heat-resisting steel was taken as 13.75 %, which is the mean value of all steel types recorded in JIS. 20) 2.3. Deriving the Post-consumer Stainless Steel Volume Using the PBM In this report, the authors used the PBM to derive the post-consumer stainless steel volume. PBM is a method to estimate the disposal volume of a product in a particular year from the lifetime distribution uniquely determined by application and past recorded annual demand of the products. 12, 13) In this report, the authors treat the actual amount of scrap collected and input as raw material as "obsolete scrap" volume, and the amount of scrap estimated to be produced from society as "post-consumer stainless steel" volume.
Firstly, the authors ascertained the domestic demand by application of austenitic and ferritic stainless steels from 1951 through 2003. For austenitic and ferritic types, each category was comprised of 8 steel types (steel sheets and plates, cold-rolled narrow strips, steel wires, welded steel pipes and tubes, seamless pipes and tubes, steel shapes, steel bars, and steel flats) and 8 classes of application (construction, industrial machinery, electrical machinery, domestic and industrial appliances, automotive, other transportation, container and others), for a total of 128 types.
The domestic demand volume before 1975, for which data classified by steel type and application is unavailable, was determined by the hot-rolled steel production volume of the year concerned multiplied by the ratio of domestic demand volume by type and application in 1976 to the total hot-rolled steel production volume in 1976. From 1976 through 2003, the domestic demand volume by steel type and application for 4 types of steel (steel sheets and plates, cold-rolled narrow strip, steel wires, and welding steel pipes and tubes) was obtained from Supply and Demand of Stainless Steel data. 9) Regarding the remaining 4 steel types (seamless pipes and tubes, steel shapes, steel bars, and steel flats), the domestic demand volume by steel type and application from 2001 through 2003 was obtained from an interview survey. The domestic demand volume by steel type and application before 2000 was determined by the hotrolled steel production volume of the year concerned multiplied by the ratio of domestic demand volume by type and application in 2001 to the total hot-rolled steel production volume in 2001.
Next, the annual changes in post-consumer stainless steel volume from 2002 through 2030 were estimated by applying the PBM to domestic demand volume by steel type and application. For this period, it was assumed that the domestic demand volume by steel type and application from 2003 remained constant. The lifetime distribution functions for each application set in this report are shown in Table 3 . The distribution functions for construction-use and automotiveuse stainless steels were obtained from the literature. 4) Stainless steel for industrial machinery is mainly used in plant heat exchangers and nuclear plant equipment. Although these facilities were claimed to run for about 60 years, 21) the authors came to know about disposal due to introduction of new machinery, plant closures, and other external factors, through survey interviews. Accordingly, the 60 years was halved to a mean service life of 30 years. As a result of an interview survey with concerned businesses, stainless steel for use in electrical machinery was given a mean service life of 12 years. Stainless steel for domestic appliances was determined from an interview survey to be mainly used for sinks, kitchen counters and related kitchen apparatus, and was therefore ascribed a mean service life of 30 years, as with stainless steel for construction use. Stainless steel for other transportation purposes was ascribed a mean service life of 40 years, because in its main application of railway cars, the first stainless steel car has been in use since its introduction in 1962. 22) In the case of stainless steel for containers and other uses, the serviceable life of depreciable assets 23) of metal containers and other containers except large containers, and metal appliances and equipment was used, and a mean service life of 3 years and 15 years was given respectively. With regard to all applications, gamma distribution was used for distribution functions, and distribution was set such that 99% of products were disposed of in twice the lifetime.
6)
Derivation of Potential for Decreasing Environmental Impact through Promotion of Closed-loop Recycling of Post-consumer Stainless Steel
The Automobile Recycling Law went into effect in Japan in 2005. By the enforcement of this law, it can be expected that a recycling route for automobiles will be established and stainless steel for automobiles may be recovered as stainless scrap (closed-loop recycling) . Therefore, the authors assessed the potential reduction in environmental impact each year from 2005, in the case of promoting closedloop recycling of post-consumer stainless steel based on the established stainless steel material flow.
Specifically, the authors determined the collection rate of were used respectively.
Results of Analysis and Further Considerations
Material Flow of Stainless Steel
The stainless steel material flow for 2002 was drawn up from statistical data, the scrap volumes of austenitic and ferritic stainless steels obtained from material balance analysis of Ni and Cr, and the post-consumer stainless steel generation volume by austenitic and ferritic types obtained from the PBM (see Fig. 1 ).
The collection rate of austenitic stainless steel as stainless scrap was approximately 95 %, and the collection rate of ferritic stainless steel as stainless scrap was approximately 2 %. It was shown quantitatively that, the scrap collection route was established for austenitic stainless scrap, whereas the scrap collection route was not established for ferritic stainless scrap. Since austenitic stainless steel is non-magnetic, it is collected separately from ordinary steel by magnetic sorting, 22) but the majority of ferritic stainless steel, which is magnetic, is collected as ordinary steel scrap. With the net unit price of Ni (price of 1 kg of Ni), there is a difference of 242 yen/kg between ferronickel and austenitic stainless scrap. 16) In contrast, the net unit price difference between ferrochromium and ferritic stainless scrap is 67 yen/kg, 16) and it may not pay the costs of the collection, sorting, and distribution. This could explain why the collection route for ferritic post-consumer stainless steel as ferritic stainless scrap has not been established. From PBM results, the post-consumer ferritic stainless steel volume for 2005 was 272 kton. With a one-point improvement in the ferritic stainless steel obsolete scrap collection rate of 2 to 3 %, the ferritic obsolete scrap input volume would have increased by 2.7 kton. Since this is a 0.42 kton increase in net Cr and a 2.3 kton increase in net Fe as raw material input from ferritic obsolete scrap, it is equivalent to avoiding a virgin raw material input of 0.77 kton of ferrochromium and 2.0 kton of pig iron. However, when obsolete ferritic scrap is collected separately, there is a similar volume decrease of ordinary steel scrap as ordinary steel raw material. When this ordinary steel scrap decrease is entirely replaced by pig iron, the CO 2 reduction effect due to the one-point increase in the ferritic obsolete scrap collection rate amounts to 2.1 kton.
The generation volume from automobiles, expressed as a percentage of the total volume of ferritic post-consumer stainless steel, is approximately 40 %. Therefore, if all the ferritic post-consumer stainless steel generated from automobiles were collected, it can be seen that the CO 2 emission reduction potential in 2005 would amount to 75 kton. Figure 3 shows the annual changes in CO 2 emission reduction potential from 2005 through 2030 according to the same assumption. The annual improvement in reduction effect can be attributed to the increasing proportion of postconsumer stainless steel volume accounted for by automobiles.
Conclusion
A stainless steel material flow was drawn up for austenitic and ferritic stainless steels in 2002 from material balance analysis and the PBM. From this it was determined that the collection rate of austenitic obsolete scrap was 95 %, and the collection rate of ferritic obsolete scrap as stainless scrap was 2 %. While the austenitic stainless steel recycling route was established, on account of mixing of ferritic obsolete scrap with ordinary steel scrap, it could be seen that hardly any ferritic obsolete scrap was collected as stainless scrap.
Improving the collection rate of ferritic obsolete scrap as stainless scrap by one point in 2005 would have led to a CO 2 reduction potential of 2 100 ton. In addition, when the establishment of a recovering route for ferritic scrap generated from post-consumer automobiles in 2005 would have raised the collection rate of ferritic stainless steel as stainless scrap by approximately 40 %, a CO 2 reduction potential of 75 kton could have delivered.
